Gene replacement by homologous recombination is a powerful strategy to investigate genome function in Saccharomyces cerevisiae. Yeast cells have efficient mechanisms for homologous recombination, and, as a result, a fragment of DNA containing a selectable marker flanked by DNA sequences that share homology with the target genomic locus can be integrated into a chromosome (Rothstein, 1991) . With the advancement of the one-step PCR-mediated method for gene modification (Baudin et al., 1993; Lorenz et al., 1995; McElver and Weber, 1992) , transformation constructs can be obtained using PCR with primers designed to contain sequences to amplify selection marker genes as well as homologous sequences of the target sites. The heterologous HIS3MX marker and the kanMX marker are widely used as selectable markers for gene modifications, in which the Escherichia coli kan r gene or the Schizosaccharomyces pombe his5 + gene (equivalent to the Saccharomyces cerevisiae HIS3 gene) are inserted between the Ashbya gossyppi TEF1 promoter (AgTEF1p) and TEF1 terminator (AgTEF1t) sequences (Wach et al., 1994 (Wach et al., , 1997 . Various template plasmids with these markers have been constructed and widely used for gene modifications such as gene deletions, insertion of epitope tags, and replacement of an endogenous promoter with a regulatable promoter (Longtine et al., 1998; Wach et al., 1994 Wach et al., , 1997 .
Some experiments require different gene modifications in a single cell. However, multiple gene replacements are not so simple. Different markers are required in each replacement, but the number of markers is limited. Therefore, marker recycling that excises selectable markers for their repeated use is important for multiple gene replacements. Several strategies for marker recycling have been developed so far (David and Siewers, 2015) . Some techniques disrupt markers and leave traces of foreign DNA sequences, such as a fragment of bacterial hisG or loxP #3442, and then fused by using the In-Fusion HD Cloning kit as recommended by the supplier (Clontech). Q5 HighFidelity DNA polymerase (New England Biolab) was used for PCR as recommended by the supplier. The primers used in the present study are listed in Table 2 .
We next validated our strategy of marker recycling using pNK-3. As a test case, we used bar1::HIS3MX6 pdr5::kanMX6 cells (TK-972) that were isogenic to W303-1A (Mat a, 112, 15, . Because TK-972 has two different MX markers on different chromosomes, we could examine their recycling in a single transformation with the MXreplacer. Yeast transformation was performed as described previously by Gietz and Schiestl (2007) . The rich medium, YPD (1% yeast extract, 2% peptone, 2% glucose), YPRG (1% yeast extract, 2% peptone, 2% raffinose, 2% galactose), and the minimal medium, SD [0.17% yeast nitrogen base without amino acids and ammonium sulfate (Difco Laboratories), 0.5% ammonium sulfate, 2% glucose] with appropriate amino acids, were used to grow yeast. Agar was added at a concentration of 2%. G418-resistant strains were grown on YPD plates containing 200 mg/ml G418 (Wako). Table 1 lists all yeast strains used in this study.
We first examined the conversion of kanMX6 to hisGMX. We released the MXreplacer from pNK-3 by restriction digestion with BamHI and EcoRI and transformed TK-972. In the first step, transformants that were selected on SD-Ura plates were tested for their growth on SD-His as well as YPD plates supplemented with G418 (YPD-G418). Among the 15 Ura + colonies tested, eight colonies showed the His + and G418-sensitive phenotype (indicating the replacement of the pdr5::kanMX6 with pdr5::MXreplacer) ( Fig. 2A) . In the second step, we selected the pdr5::hisGMX cells by re-streaking the pdr5::MXreplacer cells on a YPRG plate after they were cultivated in YPD liquid medium for one day. None of the ten colonies that we picked up from one YPRG plate showed growth on an SD-Ura plate (Fig. 2B) , which indicated the excision of the URA3-GAL1pGIN11-M86 sequence. Genomic PCR confirmed the presence of pdr5::hisGMX. DNA fragments with a band size larger than 2.5 kb (expected size; 2.6 kb) appeared after PCR performed using the genomic DNA prepared as described previously by Hoffman and Winston (1987) for PCR template, with one primer (#3114) that annealed within the AgTEF1 terminator and a second primer (#3124) that annealed within the DNA sequence 5¢ to the initiation codon of PDR5 (Fig. 2D) . As a control, genomic DNA from pdr5::kanMX6 cells (TK-972) produced a DNA fragment with a smaller band size (expected size; 2.4 kb), whereas that from wild type W303-1A gave no DNA fragment (Fig. 2D) . Thus, we confirmed the successful and efficient conversion of pdr5::kanMX6 in TK-972 to pdr5::hisGMX (the resulting strain was TK-1191).
Similarly, we next examined the conversion of A. Plasmid maps of pNK-3 and pNK-4. B. Schematic representation of the two-step marker recycling system developed in this study. In the first step, the MXreplacer disrupts the kanMX6 or HIS3MX6 marker by a double crossover at the shared AgTEF1p and AgTEF1t sequences. In the second step, the disruption marker is removed by a single crossover at the tandem repeat of a hisG sequence. Table 1 . Saccharomyces cerevisiae strains used in the present study.
bar1::HIS3MX6 to bar1::hisGMX. We first selected three transformants with the Ura + , His -, and G418-resistant phenotype (indicative of bar1::MXreplacer cells) from the 15 transformants described above ( Fig. 2A) . We next cultured the Ura + , His -, and G418-resistant cells in YPD liquid medium for one day, followed by plating on a YPRG plate for 3 days. None of the ten colonies that we picked up from the YPRG plate showed growth on the SD-Ura plate (Fig. 2C) , thus indicating the loss of the URA3-GAL1pGIN11-M86 sequence. Correct conversion of bar1::HIS3MX6 to bar1::hisGMX was verified by genomic PCR using primers #71 and #2681: DNA fragments with expected band size appeared after PCR (Fig. 2D) . Thus, we successfully converted bar1::HIS3MX6 to bar1::hisGMX (the resulting strain was TK-1192). Taken together, these results showed that the MXreplacer effectively converted the HIS3MX and the kanMX markers to the hisGMX sequence.
pNK-3 cannot be used for marker recycling in cells with the wild-type URA3 gene. Therefore, to expand utility, we also constructed the pNK-4 plasmid (Fig. 1A) similarly to pNK-3, except that pGG215 (Akada et al., 2002) was used instead of pGG216. pNK-4 has the AgTEF1p-hisG-LEU2-GAL1pGIN11-M86-hisG-AgTEF1t sequence as the Table 2 .
Primers used in the present study.
Fig. 2. Recycling of the MX markers using the MXreplacer in pNK-3.
A. Phenotype of TK-972 cells transformed with the MXreplacer. Fifteen transformants were picked up and spotted on the indicated plates for 2 days at 30∞C. B and C. The Ura + , His + and G418-sensitive (B) and Ura + , His -and G418-resistant (C) cells obtained in the experiments presented in (A) were cultured in YPD liquid medium for one day and then plated on YPRG for 3 days; 10 colonies were then spotted on the indicated plates for 2 days at 30∞C. D. Genomic PCR to examine the presence of pdr5::hisGMX (lanes 1 to 3) and bar1::hisGMX (lanes 4 to 6). Genomic DNA prepared from the yeast W303-1A (lanes 1 and 6), TK-972 (lanes 2 and 4), TK-1191 (lane 3), and TK-1192 (lane 5). Expected sizes (bp): pdr5::kanMX6 (2399), pdr5::hisGMX (2635), bar1::HIS3MX6 (1470), and bar1::hisGMX (1862). KAPA Taq DNA polymerase (KAPA Biosystems) was used for PCR. All the PCR products were run on 0.8% agarose gels. A. Cells with the Leu + and His -phenotype were selected after transformation of TK-691 with the MXreplacer from pNK-4. B. The Leu + and His -cells were processed as described in Fig. 2B , and genomic PCR was performed to examine the conversion of HIS3MX to hisGMX using the primers #221 and #1363 that annealed within SWI5 and the AgTEF1 terminator, respectively. Genomic DNA prepared from the yeast BY4741 MXreplacer. Digestion with BamHI and PmeI released the MXreplacer for transformation. Using pNK-4, we then successfully converted SWI5-TAP::HIS3MX (TK-691) cells that were derived from BY4741 (Mat a, ura3D0, leu2D0, met15D0 ) and had a tandem affinity purification (TAP) tag just before the stop codon of SWI5 to SWI5-TAP::hisGMX cells (TK-1197) (Fig. 3) .
In summary, we have developed a method for the disruption and repeated use of the HIS3MX and kanMX markers. The outstanding feature of this method of marker recycling is its convenience: it only requires restriction digestion of pNK-3 and pNK-4, a single yeast transformation, and subsequent selection with galactose. The MXreplacer can recycle the MX markers at any locus, thus eliminating the need for a PCR step to prepare DNA fragments for transformation. This method can also be applied to any heterologous markers with AgTEF1p and AgTEF1t sequences, such as NatMX, PatMX, and HphMX (Goldstein and McCusker, 1999) . The pNK-3 and pNK-4 plasmids are functionally equivalent to the kanMX::hisG-URA3-hisG plasmid (Voth et al., 2003) . However, marker recycling with pNK-3 and pNK-4 has the advantage of being more economical. Marker recycling with kanMX::hisG-URA3-hisG requires 5-FOA to counter-select the cells in which URA3 is removed (Boeke et al., 1987) . On the other hand, there is no need to use an expensive drug in marker recycling with pNK-3 and pNK-4 due to the presence of GAL1p-GIN11M86. Therefore, we believe that the new method could be a useful tool for marker recycling in the future.
